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Abstract Effective integration of electrochemical devi-
ces consisting of enzyme-based biobatteries together with
high power double-layer type capacitors is discussed here.
An ultimate goal is to overcome a typical drawback of
enzymatic power sources (biofuel cells and biobatteries):
although their energy is potentially high enough to fulfill
the needs of small electronic devices, their power is often
too low. It is demonstrated that properly selected capacitor
can support operation of such a low power device simply
by supplying appropriate power pulses with fast dynamic
response that is required for many applications involving
fluctuating loads. Our model integrated system is obtained
by coupling a series of double-layer capacitors with well-
behaved zinc/oxygen biobattery. The biobattery utilizes a
stable cathodic material composed of covalently pheny-
lated single-walled carbon nanotubes and the oxygen
reduction enzyme, laccase, together with the hopeite-cov-
ered zinc rod acting as the anode. The enzymatic power
source was characterized by the maximum power density
of 1.8 mW cm-2, the open circuit voltage of 1.6 V. Nev-
ertheless, under the 50 X loading, the voltage of biobattery
(electrode surface areas of ca. 0.3 cm2) drops to 0 V after
2 s. The practical performance (power stability) of a bio-
battery has significantly improved by its parallel connec-
tion to electrochemical capacitor. The importance of such
capacitor’s parameters as low resistance (not more than a
few hundred of milliohms), proper capacitance, and
leakage current (not higher than a few microamperes) is
emphasized here. The potential utility of the optimized
biobattery/supercapacitor system is discussed in terms of
use as a source of power to operate a digital watch.
Keywords Integrated electrochemical system  Double-
layer capacitor  Biobattery  Carbon nanotubes  Laccase-
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1 Introduction
During recent years, various enzymatic energy sources
have attracted broad attention as cost effective and envi-
ronmentally friendly alternatives for such energy conver-
sion technologies as fuel cells and secondary batteries [1–
7]. The energy produced during electrochemical processes
occurring in the enzymatic cell (biofuel cell) is generally
high enough to power small portable devices. Moreover,
the presence of natural biological substances active in the
pH close to neutral and operation in ambient temperatures
allows for their direct implementation into the living
organisms [3]. The energy produced in a typical biofuel
cell originates from redox reactions involving the oxygen
reduction (at cathode) and oxidation of such an organic fuel
as glucose or ethanol (at anode). More recently, there has
been growing interest in hybrid biofuel cells known as
biobatteries that are expected to produce higher open cir-
cuit potentials and power densities in comparison to the
conventional biofuel cells [8–11]. The whole concept of
operation of so called non-rechargeable zinc–air batteries is
based on simultaneous oxidation of zinc at the battery-type
anode and the oxygen reduction at the enzymatic cathode.
There have been a number of enzymatic systems con-
sidered for construction of cathodes in both biofuel cells
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and biobatteries [12–14]. It is commonly accepted that the
most promising results are obtained with use of multicop-
per oxidases, among which the simplest oxidase, laccase,
has been probably the most intensively studied due to its
ability to catalyze effectively the reduction of oxygen
directly to water at relatively low overpotentials [8–11, 15–
18]. Since proteins are macromolecules of largely devel-
oped and entangled structures, in which the catalytic cen-
ters are hidden inside the hydrophobic pocket, the distance
between the enzyme’s active center and the surface of
electrode is usually too large for unimpeded direct transfers
of electrons. To address this problem, various concepts for
effective charge transfer mediation have been proposed
[15, 19, 20]. It is noteworthy that, relative to many other
enzymes, the laccase’s active copper center is situated
relatively close to the protein surface (ca. 0.7 nm); conse-
quently, the development of mediator-free laccase-based
materials capable of operating according to the direct
electron transfer (DET) mechanism is feasible [21–24]. A
promising approach has utilized single-walled carbon
nanotubes (SWNTs) modified with anthraquinone and
anthracene groups on the sides or at the ends of the
nanotubes as novel materials permitting DET in the laccase
containing catalytic films. Under such conditions, the 2D
type electrode structure is transferred into the 3D assembly
characterized by the effectively high enzyme population
directly connected to the electrode thus leading to increase
of the oxygen reduction currents. Such cathodes have been
tested in hybrid biobatteries and produced the power den-
sity exceeding 2 mW cm-2 and the open circuit potential
equal to 1.5 V [9].
Physicochemical stability of the biobatteries is generally
sufficient enough to insure good operation under moder-
ately high loads. Using a representative example [25], a
biobattery maintained the voltage on a level of 0.6–0.8 V
under 2.2 kX load for several days. But, many electronic
devices (e.g., portable music players, watches, wireless
communication systems, medical equipment), even if
designed on small-scale, require power demands changing
drastically with operating mode. Having in mind a rather
small power density offered by enzymatic systems (at best
on the level of few mW cm-2 [8, 9, 11]), it is reasonable to
expect that a typical biobattery would not be able to deliver
current pulses required for certain applications. Further,
higher loads may lead to significant reduction of the bio-
battery lifetime or, even, to the performance failure and
irreversible damage.
Electrochemical capacitors (supercapacitors) are often
selected as power supports for various energy devices that
include secondary batteries [26–30] and fuel cells [31–35],
but, except a preliminary study [36], they have been barely so
far considered as complementary power units coupled with
enzymatic power sources. Electrochemical supercapacitors
offer important features including high specific power (up to
1 kW kg-1), allowing for large amount of energy to be
delivered in a short period of time at low cost per cycle and
great durability [37–40]. Representative examples include
simple systems starting from porous carbon-based double-
layer capacitors [38, 41–44] to more complicated ones uti-
lizing redox materials [45–48]. Having in mind high power
applications, the capacitors involving only double-layer
charging/discharging seem to be preferred due to their low
internal resistance (on the level of milliohms), high output
power, and fairly long lifetimes. When it comes to pulse
power applications, the main drawback is in their high rate of
self-discharge occurring as a side effect known as leakage
current. This phenomenon, i.e., gradual loss of energy by a
charged supercapacitor, will be considered here as the main
limitation complicating application of supercapacitor as a
device supporting operation of enzymatic power sources.
In the present work, we explore a biobattery utilizing the
laccase-type-modified cathode, nanostructured with
SWNTs terminally modified with phenyl groups, as active
material toward oxygen reduction. A zinc rod covered with
a protective film of Zn3(PO4)2 (impermeable to oxygen) is
used as the anode. The resulting biobattery is examined
(alone or in parallel connection to a series of double-layer
supercapacitors) under the high load regimes. Obviously
the biobattery is a main source of energy, whereas the
capacitor serves as an auxiliary one. Among the important
supercapacitors’ features is its ability to undergo fast
charging/discharging so that high current may be delivered
in a short time (milliseconds up to a few seconds). The
supercapacitor would release its energy when the external
device powered by a biobattery begins its operation, par-
ticularly when it requires a ‘‘peak current’’ to activate some
of its functions or to change the operating mode (while a
biobattery could be in a standby position). When it comes
to potential applications (e.g., powering of the 1.5 V
electronic watch), the choice of such capacitor’s parame-
ters as its capacitance, equivalent series resistance, and
self-discharge rate should be carefully taken into consid-
eration when a hybrid system is formed.
2 Experimental
2.1 Materials preparation
The Cerrena unicolor C-139 laccase samples lyophilized
in vials were obtained from Prof. Rogalski (Department of
Biochemistry, Maria Curie-Sklodowska University, Lublin,
Poland), and they were isolated as described earlier [49].
The laccase stock solution activity determined after dis-
solving the protein powder (from vial) in 1 ml of MilliQ
water was equal to 250 U mg-1 of protein.
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The nanotubes modified with phenyl group on the end-
walls (SWCNTs-PHEN-end) were obtained from Prof.
Biernat and Dr. Zelechowska from Gdansk University of
Technology, and they were synthesized as before [50].
2.2 Biobattery—assembly procedure
Biocathode The active layer was prepared on glassy
carbon (GC) electrode (surface area, 0.07 or 0.28 cm2)
which was initially polished using 0.05 lm alumina slurry
(Buehler, USA) on polishing cloth. In the first step, the
electrode was covered with ink-type suspension contain-
ing phenylated SWCNTs (4 mg of SCWNTs in 1 ml of
99.8 % ethanol) until the loading was equal to
570 lg cm-2. The enzyme containing matrix was pre-
pared by mixing the laccase solution (prepared by dis-
solving of 1 mg of enzyme in 1 ml of McIlvaine buffer/
0.2 mol dm-3 NaNO3, pH 5.2) and 1 % Nafion
TM solu-
tion (prepared by mixing of 5 % NafionTM solution from
Sigma Aldrich with 99.8 % ethanol). The volume ratio
was 1:1. Further, the 10 and 40 ll samples of thus
obtained mixtures were dropped onto GC electrodes (of
the areas, 0.07 and 0.28 cm2, respectively); and they were
allowed to dry under ambient conditions.
Bioanode The zinc rod (diameter 6 mm; from Merck,
Germany) was at first dipped into 0.5 % of NafionTM in
isopropanol (99.7 %) and let to dry. Thus, overcoated rod
was further oxidized in the solution of 0.1 mol dm-3
phosphate buffer (pH 7) containing 0.15 mol dm-3 NaCl
by application of a constant current of 13 mA cm-2 for
15 h. This step led to the formation of stable and well-
conductive hopeite layer (Zn3(PO4)2 protecting the anodic
material against corrosion in contact with the oxygen-sat-
urated electrolyte [51]. The surface area of bioanode being
in contact with the electrolyte was each time adjusted by
wrapping the zinc rod with TeflonTM tape to obtain the
same surface of both (biocathode and bioanode) electrodes,
namely 0.07 or 0.28 cm2.
2.3 Electrochemical characterization of capacitors
Two types of double-layer electrochemical capacitors were
tested. They were commercially available activated carbon-
based supercapacitors from Cellergy operating in aqueous
electrolyte and characterized by the following parameters:
capacitance C = 25 mF, operating charge/discharge voltage
U = 3.5 V, equivalent series resistance ESR = 300 mX, and
leakage current ileakage = 2 lA, as well as Swagelok-type
cells built of multi-walled carbon nanotubes (MWCNTs)
pellets (1 cm in diameter) containing 90 wt% MWCNTs
(Aldrich), 5 wt% acetylene black (Alfa Aesar), and 5 wt%
PVDF (Aldrich) separated by glassy fibrous separator
(Aldrich) and immobilized between stainless steel current
collectors. 1 mol dm-3 H2SO4 served as electrolyte. Two
cells were further connected in series to increase the operating
voltage. Finally, the following parameters were obtained:
C = 100 mF, U = 1.6 V, ESR = 800 mX, and ileakage =
120 lA. Additionally, in some of the tests, the commercial
Cellergy capacitors were connected in parallel to increase the
capacitance.
2.4 Instrumentation and electrochemical measurements
Electrochemical characterization was carried out using CH
660C Workstation (Austin, TX, USA) and digital mul-
timeter with computer-based interface (Appa, Taiwan). All
electrochemical measurements were done at 22 ± 2 C.
The current and power densities were expressed against
geometrical area of the electrode.
Parameters of supercapacitors were evaluated from
galvanostatic, amperometric, and impedance data. To
determine the capacitance, the cells were galvanostatically
charged to 1.6 V and then discharged to 0 V at constant
current. The capacitance was calculated according to the
formula: C = It/U, where I stands for the discharge current
(A), t is the discharge time (s), and U is the discharge
voltage (V). The equivalent series resistance was evaluated
from the impedance Nyquist plots, namely from the
intercept of the plot with the real axis, while the leakage
current was obtained by charging the cells to 1.6 V for 2 h
and, then, by measuring the current. Under the constant
voltage conditions, the current flowing through the sup-
ercapacitor compensates the current leaking from the cell,
and these parameters can be correlated with further self-
discharge problems.
Electrocatalytic properties of the biocathode were
investigated using the three-electrode arrangement utilizing
Hg/Hg2Cl2 (KCl sat.) reference electrode, GC rod as the
counter electrode, and GC disk (CHI, USA) as the working
electrode (surface area of 0.07 cm2).
The biobattery parameters were determined in the oxy-
gen-saturated 0.1 M McIlvaine buffer solution (pH 5.2)
modified by the addition of 0.2 mol dm-3 of NaNO3. The
cell voltage was measured under the open circuit condi-
tions, as well as under various loads ranging from 10 MX
to 0.2 kX. The voltage was recorded after 5 s following
application of each load.
To comment on influence of the presence of superca-
pacitor on the power output of the biobattery, the zinc–
oxygen power source alone, or in parallel connection with
supercapacitor (or series of supercapacitors), was subjected
to a continuous pulse work under the 200 or 50 X load
(depending on the biobattery’s electrode surfaces). The
pulse time was 2 s.
J Appl Electrochem (2014) 44:497–507 499
123
3 Results and discussion
3.1 Electrocatalytic properties of SWCNTs-PHEN-
end/laccase system toward O2 reduction
In order to investigate the electrocatalytic activity of the
cathodic material (used for the construction of the biobat-
tery), a series of voltammetric experiments were con-
ducted. Figure 1 illustrates responses of GC electrode
modified with terminally phenylated SWNTs covered with
a matrix containing laccase dispersed in NafionTM solution.
The final concentration of NafionTM in the mixture was
0.5 %. The responses were recorded in the absence, i.e., in
the nitrogen-saturated solution (Fig. 1a), and in the pre-
sence of oxygen (Fig. 1b). The onset potential (determined
at 1 mV s-1) for the electrocatalytic process was equal to
0.58 V (vs. Hg/Hg2Cl2), and the current density (measured
at 0.15 V) was equal to 395 lA cm-2. The latter value was
approximately twice higher than that reported earlier for
the system utilizing SWNTs phenylated on the side walls
[9]. The results were highly reproducible (within 5 %)
during at least ten independent experiments.
3.2 Electrochemical characterization of biobattery
The electrode was further tested within the hybrid biobattery
equipped with hopeite-covered Zn rod acting as an anode.
The power density–voltage and the current density–voltage
dependencies were plotted against external loads applied
between the anode and the cathode (from 10 MX to 0.2 kX).
To minimize the power losses due to the oxygen depletion
during the tests, the resistance pulses were each time limited
to 5 s. The results are presented in Fig. 2a. The open circuit
voltage measured for the system before the load application
was equal to 1.65 V. The maximum power density of ca.
0.5 mW (1.8 mW cm-2) was achieved under the load of
1 kX at the voltage of 0.7 V (Fig. 2b). Such low level of
power density is a serious limiting factor when it comes to
applications of the enzymatic energy sources requiring high
current bursts. As it is apparent from Fig. 2a (green plot), the
higher the output current, the lower voltage output was
produced by the biobattery. For example, the current of
1.1 mA (ca. 4 mA cm-2) drained from the system causes a
drastic voltage drop from 1.65 V down to 0.2 V thus pre-
cluding practical application of the biobattery. To keep
biobattery at the maximum power output conditions
(Fig. 2a, blue plot), the output current cannot exceed
0.7 mA (2.5 mA cm-2). The discussed parameters signifi-
cantly change when the system operates for longer periods
of time. The likely features such as oxygen depletion
Fig. 1 Cyclic voltammetric response of GC electrode modified with
phenylated SWCNTs (SWNTs-PHEN-end) and covered with Naf-
ionTM/laccase matrix recorded in (a) deoxygenated, (b) saturated with
oxygen McIlvaine buffer/0.2 mol dm-3 NaNO3 (pH 5.2). Scan rate:
1 mV s-1. Electrode surface: 0.28 cm2
Fig. 2 Dependence of power density (blue coloured filled circle) and
cell voltage (filled square) on current density (a) and power density
(pink coloured filled circle) on cell voltage (b) plotted for laccase-
based zinc–oxygen biobattery built of Zn/Zn3(PO4)2 anode and
SWCNTs-PHEN-end/laccase/NafionTM cathode. Electrolyte: oxygen-
saturated McIlvaine buffer/0.2 mol dm-3 NaNO3 (pH 5.2). Electrode
surfaces: A = 0.28 cm2
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occurring near the electrode surface or kinetic limitations in
the cathodic reaction would lead to the further drop of
voltage as demonstrated in Fig. 3. For all external loads
applied, the steady-state voltage is readily reached, and this
behavior refers to the real behavior of biobattery under
standby conditions. Using the data of Fig. 3, the steady-state
current recorded after 600 s of the biobattery’s operation has
been found to be equal to: 0.1 mA cm-2 at 20 kX,
0.5 mA cm-2 at 2 kX, and 0.7 mA cm-2 at 0.2 kX. Obvi-
ously the current recorded upon application of the lowest
resistance is the highest, nevertheless, the corresponding
voltage tends to drop to 0 V thus making the biobattery
useless while operating under conditions of such loads.
To elucidate the biobattery behavior under conditions
demanding peak currents, the device was subjected to a
series of short (2 s each) loads (200 X ‘‘pulses’’) for 7 h.
The results are shown in Fig. 4. It can be observed that, at
the beginning of diagnostic tests, the open circuit voltage
was equal to 1.63 V, but it immediately dropped down to
almost 0 V after each pulse. Thus, in practice, virtually any
device powered by the biobattery would be practically
switched off. Obviously, the current could be continuously
produced by the cell as a result of electrochemical reac-
tions, and the voltage recovery would be expected in ca.
20 min. We noticed that the continuous pulse operation led
to a slow and gradual decrease in the initial value of
voltage available under open circuit conditions, most
probably due to the irreversible degradation of the enzyme
structure caused by application of high external loads.
The above results are consistent with the view that
biobatteries are not suitable devices for operation when
high power pulses are required. This problem can be solved
in two ways: either (i) by the increase of the electrodes
surface area or (ii) by combining biobattery with external
high power device. The first solution is rather difficult to
realize, because modern electronic devices are intended to
be miniaturized. With respect to the second solution, we
refer here to the earlier study [36] describing the data
concerning integration of enzymatic biobattery with two
electrochemical capacitors connected in series. The
resulting hybrid system was subjected every 20 min to high
current pulses of 5 mA each lasting for 3 s. Integration
with high power supercapacitors led to stabilization of the
voltage output of biobattery on the constant level of ca.
1.1 V for 35 h. Obviously, the choice of such superca-
pacitor’s parameters as resistance, capacitance, and leakage
current is crucial to successful operation of the hybrid
system. Our observations and recommendations are dis-
cussed in the next section.
3.3 Enhancement of biobattery’s power level through
combination with supercapacitor
Figure 5 illustrates a hybrid system obtained by integrating
the zinc–oxygen biobattery with the carbon/carbon double-
layer type electrochemical capacitor. The capacitor was
placed in parallel to the biobattery, and it was connected to
the resistance decade simulating various external loads. To
monitor and control passing current and generated voltage,
potentiostat and multimeter were also included in the net-
work. The switch between the biobattery and supercapac-
itor allows for quick connection/disconnection of
supercapacitor.
High internal resistance is one of the key factors
responsible for the low power output of enzymatic
Fig. 3 Voltage–time dependence recorded for laccase-based zinc–
oxygen biobattery operating in open circuit voltage conditions (OCV)
as well as during application (600 s) of resistances: 0.2, 2, and 20 kX.
Electrode surfaces: A = 0.07 cm2, Pmax = 0.13 mW. Electrolyte:
oxygen-saturated McIlvaine buffer/0.2 mol dm-3 NaNO3 (pH 5.2)
Fig. 4 Variation of laccase-based zinc–oxygen biobattery voltage
versus time upon application of external loads of 200 X for 2 s.
Electrode surfaces: A = 0.07 cm2, Pmax = 0.13 mW. Electrolyte:
oxygen-saturated McIlvaine buffer/0.2 mol dm-3 NaNO3 (pH 5.2)
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biobattery. The resistive limitations may originate from the
ohmic resistance of electrolyte or electrode materials, the
mass transport resistance, and, predominantly, from the
charge transfer resistance assigned to the slow kinetics of
bioelectrochemical reactions [52]. Thus, there is need for a
low internal resistance supercapacitor to be used as an
auxiliary device supporting possible higher power applica-
tions. Generally, the lower the capacitor’s resistance, the
lesser the restrictions in its ability to act as an effective
supporting device. The carbon/carbon supercapacitors uti-
lized by us were characterized by acceptable resistances on
the level of milliohms. In particular, the resistances were on
the level of ca. to 300 mX for a single commercial cell and
400 mX for single Swagelok-type cell utilizing MWCNTs.
At the operating voltage of 1.6 V, the maximum power of





where Pmax is the maximum power, and other parameters
have been described earlier. The maximum power values
determined for the investigated cells were in the range from
0.8 to 2.1 W depending on the cell type and assembly (i.e.,
connection in parallel or in series). Obviously, the resis-
tance was doubled when two supercapacitors were con-
nected in series aiming at increasing the system’s overall
voltage output (e.g., the case of Swagelok-type cells
utilizing carbon nanotubes). Due to the relatively lower
resistivity, double-layer type capacitors are preferred over
redox-type capacitors for integration with such a low
power device as biobattery.
As already mentioned, when the voltage drop across the
biobattery (upon application of high external load) is too
large, the device will not work properly. Figure 6 illus-
trates how the presence of supercapacitor influences the
voltage–time characteristics. In the present study, the bio-
battery (with electrode surface areas of 0.07 cm2) was
characterized by power of 0.13 mW, and it was coupled
with commercial carbon/carbon supercapacitors charac-
terized by variable capacitances. Figures 6a and b show the
potential (U)–time (t) responses obtained for the 0.13 mW
laccase-based zinc/oxygen biobattery connected in parallel
with the 25 and 50 mF supercapacitors (they were dis-
charged to 0 V before connection to the circuit). The
capacitance of 50 mF was achieved by connecting two
Fig. 5 Schematic representation showing the connection and oper-
ation rules of integrated laccase-based zinc–oxygen biobattery and
supercapacitor
Fig. 6 Voltage changes across 0.13 mW laccase-based zinc/oxygen
biobattery (electrode surfaces: A = 0.07 cm2), connected in parallel
to: a 25 mF, b 50 mF supercapacitor recorded during application of
external load of 200 X for 2 s
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25 mF single cells in parallel. At the beginning, i.e., under
open circuit conditions, the biobattery produced the max-
imum voltage of ca. 1.6 V. Once the circuit was closed, the
biobattery started to deliver current to the discharged
supercapacitor. The charging time was obviously depen-
dent on the capacitance values, and within ca. 35 and
70 min, the maximum voltages of 1.54 and 1.5 V were
obtained for the biobattery systems connected with the 25
and 50 mF supercapacitors (Fig. 6a, b), respectively.
In the next step, the external loads of 200 X were applied
for 2 s to the systems. For comparison, the 0.13 mW bio-
battery operating as a single device (Fig. 4) and subjected to
such an extreme load responded with a rapid decrease of
voltage from 1.6 V to almost 0 V. In the presence of sup-
ercapacitors, the voltages were maintained on the levels of
1.1 V (Fig 6a) and 1.3 V (Fig. 6b). The differences in the
observed voltage drops should be attributed to the different
amounts of energy supplied by supercapacitors character-
ized by different capacitances. The amount of energy uti-
lized depends on the power demand and the time for which




where Ecap is the energy provided by electrochemical
capacitor, Pload is the required power, and t is the time
during which the energy is delivered.
Having in mind the fact that supercapacitor’s energy is
directly proportional to its capacitance, it is reasonable to
expect that during the same period of time (2 s), the 50 mF
supercapacitor would be able to deliver more power than
the cell of smaller capacitance (25 mF). Consequently, the
utilization of 50 mF capacitor should lead to a smaller
voltage drop (Fig. 5b). Therefore, the capacitance should
be adjusted to assure an energy balance that can be
understood as follows:
Ecap ¼ Eload ð3Þ
1
2
CcapðU20  U21Þ ¼ Pload  t ð4Þ
where Ccap is the required capacitance, U0 is the initial
supercapacitor voltage, U1 is the minimum voltage to
which a supercapacitor can be discharged at the end of the
peak load, and Eload stands for the load energy that can be
calculated as the required power (Pload) multiplied by load
duration (t).
Having in mind the above considerations, the capaci-
tance can be easily found as:
Ccap ¼ 2 Pload  t
U20  U21
ð5Þ
It is important to note that the Eq. 5 does not include the
supercapacitor’s resistance (ESR). Nevertheless, having in
mind that supercapacitors are generally characterized by
low equivalent series resistance, i.e., it can be assumed that
ESR  U1, and, therefore, it can be typically neglected.
For more detailed characterization, the data of Figs. 4
and 6b have been considered to comment on the energy and
power capabilities during the system’s operation for 2 s
under the load of 200 X. Consequently, the biobattery/
supercapacitor hybrid system is characterized (vs. simple
biobattery) by the following parameters: power, 8.5 mW
(vs. 0.013 mW); energy, 17 mJ (vs. 0.025 mJ); and power
capacity, 4.7 lWh (vs. 0.007 lWh).
Considering the applications of supercapacitor as an
auxiliary device for bioelectrochemical power sources and
realizing that its task is to recharge the supercapacitor
between the power pulses, the charging mechanism has
been carefully investigated by us. When the circuit of
Fig. 5 has been closed, the biobattery has started to deliver
the current to discharging supercapacitor. Simultaneously,
the current flowing through the circuit and the voltage
produced were recorded. The results are presented in
Fig. 7. The inset to Fig. 7 illustrates the charging charac-
teristics (voltage–time dependence) for the 25 mF sup-
ercapacitor connected in parallel to 0.13 mW laccase-based
zinc–oxygen biobattery. The plot is nonlinear, and it is
characteristic of the case involving charging at constant
current. In other words, the current injected into the cell
changes with time, and, therefore, the exponential-type
response appears. This situation has been confirmed in the
course of direct current measurements (Fig. 7a). As it can
be seen, the current which is transferred from the biobat-
tery reaches 0.1 mA at the beginning of charging (short
circuit of the cells) and tends to decay rapidly with time.
After ca. 2,000 s, the biobattery delivers only 13 lA
Fig. 7 Charging of 25 mF supercapacitor by laccase-based zinc/
oxygen biobattery (0.13 mW) (electrode surfaces: A = 0.07 cm2).
a monitoring of current flowing from biobattery to supercapacitor and
b voltage changes in the circuit
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resulting in the saturation of the supercapacitor and in
appearance of the almost steady-state voltage in the system
(Fig. 7b). In the configuration considered by us, the final
voltage is very close to the open circuit voltage of the
biobattery itself, and it is equal to 1.55 V. It should be
attributed to the following features: (i) sufficiently low
capacitance (25 mF), and (ii) almost negligible leakage
current (2 lA). Our further deliberations will concentrate
on the influence of these two factors on the performance of
the biobattery/supercapacitor hybrid system.
Figure 8 refers to the operation of the 0.5 mW biobattery
(electrode areas, 0.28 cm2) under the load of 50 X but fol-
lowing connection to two Swagelok-type cells [38] utilizing
multi-walled carbon nanotubes as electrode materials and
operating in 1 mol dm-3 sulfuric acid. The main goal of this
study has been to show how the leakage current occurring in
the cell affects performance of the integrated system. The
self-discharge process induced by the leakage current is
defined as a spontaneous and gradual voltage loss observed in
the charged supercapacitor. The higher the leakage current,
the faster the voltage decay will occur, thus resulting in
overall power decrease. Generally, the leakage current can be
produced as the effect of following processes: (i) electro-
chemical decomposition of the electrolyte (when the charg-
ing/discharging takes place beyond the thermodynamic
potential window of the electrolyte), (ii) parasitic reactions
related to the material’s and electrolyte’s impurities, (iii)
presence of oxygen in the electrolyte and its reduction at the
negative electrode, (iv) non-uniform distribution of charge
within the deep pores of electrode material dependent on the
pore structure and its geometry (regarded to be a predominant
effect), and (v) the presence of short-circuits as a result of not
sufficient isolation of electrodes [53]. When the supercapac-
itor is used together with enzymatic power source, the leakage
current should be as low as possible. These requirements are
much more severe than for other integrated systems including
batteries or fuel cells and supercapacitors. To achieve an
acceptable level of few lA (as in commercial supercapacitors
used in our previous investigations), it is necessary to opti-
mize the manufacturing procedures to insure the quality
control and eliminate the parasitic factors. The carbon
nanotubes-based supercapacitor used in our studies (Fig. 8)
was characterized by the leakage current of 120 lA. Having
in mind a very low output current supplied by the biobattery
which expotentially decreases when the voltage across sup-
ercapacitor grows (Fig. 7), it is reasonable to expect that the
rate of supercapacitor’s leakage will be faster than the rate of
charging. This phenomenon would result in incomplete
charging which stops when the current produced by the bio-
battery reaches the value of the leakage current. For this
reason, the maximum voltage obtained for the investigated
system was equal to 1 V at the beginning of operation and had
a tendency to decrease in time which can be attributed to the
leakage current fluctuation or/and the biobattery aging. The
problem with complete charging might also occur when the
charge storage device used is characterized by too high
capacitance. Assuming that the leakage current is on the level
of few lA, theoretically, the charging process should proceed
without any difficulties. However, a very small amount of
charge injected to the supercapacitor, additionally decreasing
with time, could make the process extremely (unrealistically)
time consuming.
To comment the potential utility of the proposed hybrid
configuration, a 1.5 V electronic watch has been chosen as
the device to be powered by 0.5 mW laccase-based zinc/
oxygen biobattery (electrode surface area, 0.28 cm2) con-
nected in parallel to the 50 mF (obtained by connection of
two commercial carbon/carbon cells in parallel) low leakage
current (4 lA) supercapacitor in the circuit equipped with
the switch allowing for quick connection and disconnection
of supercapacitor. The power provided by a biobattery is
high enough to operate the watch under standby or passive
conditions, i.e., without using of any of its special functions.
When the input current is equal to ca. 10 lA, only a slight
voltage drop across the biobattery, namely from 1.6 V
(labeled as 1 in Fig. 9a) to 1.57 V (labeled as 2 in Fig. 9a)
has been observed. The stability test (Fig. 9b) shows that
that the biobattery’s operating voltage under standby con-
ditions can be held at a constant level for 10 h while the
measurements performed in air-saturated solution (not
shown here) confirmed the good stability (voltage decay on
the level of 5 %) during several days. However, when the
watch is used in the different operating modes (light up,
alarm) requiring higher input currents, the powered device
has immediately switched off, because the biobattery was
Fig. 8 Voltage changes across 0.5 mW laccase-based zinc/oxygen
biobattery (electrode surfaces: A = 0.28 cm2) connected in parallel to
100 mF Swagelok-type supercapacitor (two cells in series) recorded
during application of external loads of 50 X for 2 s. Supercapacitor
material: 90 wt% MWCNTs, 5 wt% acetylene black, and 5 wt%
PVDF. Supercapacitor electrolyte: 1 mol dm-3 H2SO4
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not able to maintain the required voltage (1.05–1.5 V). For
example, the voltage drop occurring in the circuit following
activation of the light up function for 2 s (marked as 3) is
illustrated in Fig. 9a (navy-blue line). The system’s voltage
has immediately decreased to 0.6 V, and it has occurred to
be too low for further operation of the watch until the bio-
battery is recovered to at least 1.05 V. In contrast, when the
50 mF supercapacitor has been introduced to the circuit, the
voltage drop following switching on the light up function is
significantly lower [namely, it decreased to only 1.4 V
during 2 s (Fig. 9a, pink line)]. When the light up function
has been switched off, the biobattery has started to operate in
the standby mode again (labeled as 4 in Fig 9a) permitting
simultaneous recharging of the supercapacitor. Following
1,000 s of testing, the charged supercapacitor can be dis-
connected leaving the biobattery as the main power source
for the watch. Although the positive effect of a superca-
pacitor on the power capability of a biobattery is unques-
tionable, it is noteworthy that the capacitor’s presence
somewhat limits supply of energy from the biobattery. This
‘‘overhead of hybridization’’ refers to the system’s energy
loss originating from the supercapacitor’s leakage current
that must be continuously compensated by the biobattery.
Namely, 4 lA is taken out from the biobattery during
recharging of the supercapacitor as well as during holding its
voltage at constant value while operating under standby
condition. By taking into account proportionality of the
leakage current to the terminal voltage of supercapacitor, the
energy loss has obviously found to be lower at the lower
voltage, but it is still on the level of 0.5–0.6 mJ. To sum-
marize, we demonstrate that coupling of the auxiliary stor-
age device (supercapacitor) together with the enzymatic
power source (biobattery) is of primary importance to its
stable operation under conditions of the fluctuating loads
(that would otherwise reduce the biobattery’s performance
during longer periods of time). Future research would
require better control and minimizing of the current loss
parameters of supercapacitors. These features are crucial to
further development of bioelectrochemical energy sources
that could operate in practice without energy losses and
power deficiencies.
4 Conclusions
We demonstrate here that the combination of electrochemical
capacitor together with biobattery can significantly improve
the power performance of the enzymatic biobattery (that
otherwise low power device) and, consequently, prolongs its
practical life-time. As model enzymatic system, the well-
behaved mediator-free zinc/oxygen biobattery utilizing a GC
electrode decorated with phenylated SWNTs/laccase and
Zn3(PO4)2-covered zinc rod has been used. The biobattery
itself has been characterized by high open circuit voltage
exceeding 1.6 V and a power density of ca. 1.8 mW cm-2.
Although the power density has been found to be among the
highest reported so far, its level is still insufficient for
applications requiring high external loads: under such con-
dition, the biobattery’s voltage tends to rapidly drop to 0 V. A
conventional parallel connection with carbon/carbon double-
layer capacitor significantly reduced the output voltage loss
by providing the necessary power peaks to the system. Our
results are consistent with the view that, for the proper
operation of the biobattery containing integrated system, the
equivalent series resistance of supercapacitor should be on
the level of a few hundred of mX and the leakage current
should not exceed a few lA. Furthermore, the capacitance
has to be carefully selected to provide the required energy
balance. Such optimized system has been found to be
potentially suitable to power a digital watch under operating
modes having different power demands. Our present results
have preliminary character, but they seem to define directions
for research aiming at the development of more practical
enzyme-based biobatteries and biofuel cells.
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Fig. 9 a Voltage changes across 0.5 mW laccase-based zinc/oxygen
biobattery used to run a digital watch recorded in standby conditions
(labeled as 2 and 4) and during high input current mode (3) in the
absence (navy-blue plot) and in the presence (pink plot) of 50 mF
supercapacitor in the circuit. Inset b represents the voltage versus time
dependence in standby conditions
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